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Abstract 
A study of the use of the multi scale CAFE method 
for the parallel modeling of the micro shear and shear 
band propagation in steels during deformation is 
presented in this work. The developed model is a multi 
scale approach based on the combination of the finite 
element method and cellular automata. The modeling 
of micro shear bands development at the micro scale, 
shear band development at the mezoscale. and 
material response based on those processes at the 
macroscopic scale. is possible using this multi scale 
computational. technique. The model approach 
involving the space of cells. definition of neighborhood. 
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and the definition of transition rules for development of micro shear bands is 
described. The model was implemented into the commercial finite element 
code Forge 2, and calculations of the channel die compression have been 
performed 
Introduction 
Plastic deformation of metallic materials occurs by two main mechanisms: 
slip and twinning and these affect microstructure and deformation texture. 
These mechanisms have been the subject of the work performed for decades by 
scientists from all over the world [1,6,10,16,17,22,23,24,38,39,41]. Several 
complex theoretical and mathematical models describing slip and twinning in 
various kinds of metallic materials (steel [23], aluminum [13], magnesium 
[32], titanium [45]) have been used in the theoretical analysis that supports the 
experimental knowledge. However, some of the mechanisms are still not fully 
understood. 
A particular issue is the slip activity in the polycrystalline materials, in 
which band like features [23], such as deformation bands, micro bands and 
shear bands develop. Deformation bands are usually characterized as different 
parts of a crystal, that have rotated differently during deformation and have 
produced different orientation bands within the particular grains. When 
neighboring volumes of a grain have defonned on several slip systems and 
have rotated to a different orientation, so called transition bands develop. They 
are usually formed from long narrow cell clusters or subgrains. When the 
previously developed cell structure is no longer stable, the micro bands 
develop due to changes in the strain path in a single grain. This is an 
instability, which carries only the defonnation at medium strains, when 
homogeneous slip is excluded. Two theories describing initiation of the micro 
bands have been developed. The first one suggests a connection with the low 
work hardening rate and eventually with dynamic recovery. The second claims 
that micro bands develop due to flow instability that involves mixed 
dislocations on parallel planes. The last deformation features operating at large 
strains and carrying most of the deformation are shear bands. This 
phenomenon is also the least known and explained. However ~ a proper 
understanding of the processes leading to the initiation and propagation of 
these bands is crucial for understanding the material behavior during 
deformation in industrial conditions. 
Shear band theory in the scientific literature 
Two parallel on going processes are observed in the literature 
[1,10,16,23,25] in the development of micro shear and shear bands. Recent 
experiments have shown that initiation and development of micro shear bands 
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and shear bands is crucial for the progress of plastic deformation in a variety of 
metallic materials [23]. The problem of strain localization in materials during 
deformation has been investigated by scientists for over thirty years. A huge 
effort has been made to study experimentally and theoretically shear band 
propagation during various kinds of deformation. As a result of these studies 
several forming processes, which benefit from the change of defonnation path 
and shear band propagation, have already been designed and used in industry 
[6,24,26]. However, there is still a lack of one complex theory describing those 
two phenomena. Several theories partially describing localization phenomena 
commonly used by researchers have been developed independently. 
A significant effort to create a consistent theory of the shear banding 
phenomena has been undertaken by Korbel and co-workers [24,25,26,27,28]. 
They claim [24] that coarse slip develops when the deformation is small and 
that this slip employs similar slip systems to those in single crystals of the 
same metal. The development of the coarse slip system affects the hardening 
of polycrystalline metals sooner than in a single crystal, but it does not lead to 
strain localization at the macro scale. Based on this process a micro shear band 
develops, usually in one grain. When crossing to the adjacent grains, the 
transition occurs without any change in the band orientation inside the 
material. Shear is distributed along the grains in very thin micro shear layers, 
which are able to cluster during increasing strain. As a result, a macroscopic 
feature called a shear band develops. Shear bands in materials have the same 
orientation as micro shear bands. In [24] the thickness of a micro shear band 
was estimated to be in the order between 0.1 and 0.2 J..lm, with similar values 
reported by others [10,11,38]. 
A characteristic feature of a micro shear band is that a shear employs other 
than an easy slip system in the material. One explanation is that when a micro 
shear band slip plane coincides with the easy slip system, a channel-like 
penetration of the substructure, typical for the coarse slip system, is observed. 
Another explanation is the involvement of several slip systems within this very 
thin band. However, according to [24] there is no evidence supporting this 
multi slip system theory. From the observations performed in [24,27,28], it is 
clear that the deformation in a micro shear band is simple shear. The slip in a 
non easy slip system is possible, but involves much higher critical stresses than 
necessary for the initiation of an easy slip system, which is a key parameter in 
the shear banding theory supported by other researchers [38]. In [24], the 
author claims that initiation of micro shear bands is connected with very high 
and very local stress concentrations. The source of those local stresses and, 
furthermore, the initiation of micro shear bands, may be the coarse slip in an 
easy slip system. This statement is the major assumption of the theory 
proposed in [24]. The other very important conclusion from [24] is that a 
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change in the deformation scheme and increase of temperature [24,25] can 
cause instant initiation of micro shear bands in metallic materials. It seems that 
under those conditions a shear banding phenomenon is becoming a major 
mode of plastic deformation. In [24] the author claims, as well, that the shear 
band phenomenon is responsible for many instabilities occurring in the 
material during defonnation of metallic materials, such as Luders deformation 
or the Portevin-LeChatelier deformation. 
Based on the relationships between the microscopic phenomena occurring 
in the material and macroscopic response, a new deformation mode including 
changes in the strain path has been proposed and is known as the KOBO type 
process [6,26]. 
A slightly different theory describing the origin of the micro shear banding 
phenomenon has been presented in [10,11,12], and supports the observations 
in [38]. Development of micro shear bands in the material proposed in [10] 
was chosen during the creation of the multi scale model presented in this work. 
Thus, a more detailed explanation of the major assumptions made in [10] are 
presented below. 
Cizek claims [10] that the micro shear bands develop through the 
formation of the slip domains, with discrete cells aligned along the band 
propagation direction. Shear bands can nucleate on the isolated cells or small 
groups of cells. During deformation these cells increase their misorientation 
angles relative to the surrounding matrix. Even at low strain values, 
misorientation angles of the cell boundaries can reach values higher than 8°. 
Eventually they form narrow bands that then thicken due to the formation of 
new cells. This process is connected with the micro stress fields generated 
during the rotation of the previously formed cells. A schematic illustration of 
this process is presented in Figure 1. The degree of greyness of each particular 
cell indicates different values of the boundary misorientation angles. 
Finally, at larger strains micro shear bands, composed of cells with 
significant misorientation with respect to the surrounding matrix, start to form 
in the sample. It was observed in [10] that micro shear bands propagate across 
the grains in a similar direction. However, those directions are not always 
parallel. In Figure 2 misorientation angles of the two almost parallel micro 
shear bands are shown. It is clear that they nucleated at different strains, but 
during further deformation due to thickening the two micro shear bands merge, 
and a macroscopic shear band nucleates. The same mechanism of shear band 
formation has been reported in [24]. 
It has been observed [38] that inside the micro band clusters some of the 
micro bands crystallographic orientations are distorted, and some of the micro 
bands are fragmented into small blocks. Based on those small blocks with 
large misorientation angles, micro shear bands nucleate. In general, the presence 
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Slip lines 
Shear band propagation direction 
Figure 1. Scheme of the initiation and development of the shear bands [10]. 
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Figure 2. Misorientation of the two developing micro shear bands as a function of 
distance [10]. 
of lamellar structures such as mechanical twins [38] or micro bands [31], 
which are built from the dislocation walls, is needed for shear band formation. 
Those observations seem to support the theory described in [10]. 
Several other works [16,22,46], that focused on the detailed explanation of 
macroscopic shear band formation, need to be mentioned. Harren et al. [22] 
have shown that the development of shear bands is a result of crystalline slip or 
geometrical softening. Such a softening provides the path for the shear 
localization and shear band formation. Two of the most important parameters 
were identified to control the initiation of the shear bands in the plain strain 
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channel die compression. The first is achievement of the critical value of the 
strain hardening rate. The second is connected with a favorable slip geometry. 
Axisymmetric compression tests performed to explore the shear banding 
phenomenon [46] highlighted the strong influence of material properties, 
geometry and friction during deformation. However, shear bands always 
initiated as regions of very intense deformation in the form of x structure 
across the sample. During further deformation the intersecting parts of the two 
shear bands fanned a flat region with intense deformation. Whenever strain 
increases, this flat region bends towards one of the die. Similar deVelopment of 
the macroscopic shear bands has been observed by others [17,24,50]. 
As demonstrated so far, the micro shear and shear band initiation process 
has been a subject of research performed in various scientific laboratories. The 
length scale of those analyses vary significantly from the investigation of 
micro shear band initiation at the micro scale, as well as development and 
formation of shear bands at the macro scale. Interactions between those two 
phenomena have also been intensively studied for different materials, tests and 
sample shapes. Based on this knowledge an approach to a detailed 
mathematical and numerical description of the shear banding phenomena has 
been performed, as well [1,16,40,41]. Several different theories, mainly 
including macroscopic shear band formation, have been developed and a short 
review is given in the next section of this work. 
Shear band modeling 
Parallel to the research on theoretical models of the micro shear band and 
shear band, work focused on development of numerical models has been 
performed by various groups. Creation of the numerical model from the 
scientific and economical point of view is very important because it provides 
the possibility to solve many problems occurring during industrial tests by 
changing the material properties, shapes of the samples or tests conditions. 
Based on those numerical simulations a final product with the required 
properties can be obtained with fewer expensive industrial tests. However~ 
reliable results cannot be achieved without a numerical model that accounts for 
the real phenomena appearing in the material during thermo-mechanical 
deformation. For years more and more advanced Finite Element (FE) 
[17,42,43,44], Finite Difference (FD) [36,37] and Mesh Free [29] models have 
been developed. Usually they are able to describe a particular process, which is 
the key process during material deformation. These models are commonly 
used, but further development is still required to create more accurate and 
robust models, as well as more flexible theories. 
The shear band phenomenon, as it was presented above, is one of the most 
important phenomena occurring in the material during different stages of 
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defonnation. Creation of the numerical model describing initiation and 
development of micro shear bands and shear bands has been attempted for 
several years [1,17]. Models with different complexity and accuracy have been 
developed, but the ability to accurately describe these phenomena still remains 
unsolved. One of the approaches taken is based on introducing modified finite 
elements into the FE mesh [40], or introducing a modified flow rule, that is 
particularly sensitive to the shear banding phenomena [41,52]. Several 
alternative approaches based on the discrete methods such as Cellular 
Automata (CA) have been introduced, as well, during creation of the more 
complex and accurate models [3,36]. A short description of the most 
successful numerical models taking into account shear banding is presented 
below. 
A method [40], to solve a problem with strong discontinuities, such as 
shear bands appearing in the material during deformation, to create special 
finite elements with the special points emerging from the strong discontinuity 
analysis. Using those points it is possible to combine a continuum approach 
with the discrete approach based on the discrete constitutive equations. This 
approach considered the existence of a body Q under strong discontinuity 
conditions along the discontinuity path S (Figure 3). 
Figure 3. Defmition of the Q domain [40]. 
S is a material surface, which is fixed at the reference configuration and 
characterized by the normal vector n. The S surface is introduced and divides a 
n domain into n+ and n- parts and a Heaviside function (1) Hs(x) can be 
defined on n. 
{
I Vxen-
Hs x = () 0 Vx eQ+ (1) 
A Schematic illustration of the body with the discontinuity path is presented in 
Figure 4: 
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Figure 4. Definition of the body discontinuity path [40]. 
r u and r CT in Figure 4 are the n boundaries subjected to the usual essential and 
natural boundary conditions, respectively, and they fit into three conditions: 
ru ur(1 = an 
ru n r(1 = 0 
ru nQh =0 
(2) 
S: and S; are two boundaries of the n; and n,,- sub domains surrounding 
the S surface, h is the width of the ilh domain around the S surface. It is also 
assumed that a continuous function tph(X) is defined as follows: 
(3) 
In this approach [40] a unit jump function, which takes the zero value 
everywhere in Q excluding nh, was introduced: 
(4) 
Such a function exhibits a jump across the discontinuity surface S. An 
expression for the displacements field u(x, t) under a strong discontinuity 
condition on the S surface is written as: 
u ( x, t) = u ( x, t) + M ~ ( x) [[ u ]J ( X, t) (5) 
where: u - regular part of the displacement field and [[ u ]](x, t) - continuous 
displacement jump function. 
A strain field can be calculated based on the symmetric part of the gradient 
of the displacement field: 
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(6) 
where: 8- regular part of the strain field, (at - the symmetric part of (a) and 8s 
- the surface Dirac's delta function along S. 
Based on this knowledge, a finite element approximation of the strong 
discontinuity problem can be illustrated as shown in Figure 5. 
, 
\ 
s~ 
h 
Figure 5. Illustration of the finite element approximation of the strong discontinuity 
[40]. 
where: Se - straight line of length Ie approaching S in the element, De - normal 
vector to Se. 
Based on equation (5) an approximation of the displacement field in the 
FE method is expressed as: 
uh( x,t) = N(x)· aCt) + tM~e(x)ae(t) = iih( x,t) + tM~(X)[[ u 1r (t) (7) 
e=l e=l 
(8) 
where: N(x) - standard shape function matrix, a(t) - nodal displacement 
vector, Hse(x) - Heaviside function, Nke -linear shape function of the ke node, 
nel- number of finite elements. 
An illustration of equation (8) is shown in Figure 6 [40]. 
The strain field is finally calculated as: 
eh(x,t) = (Vuht + I (VMt ® ue)S 
e=l 
(9) 
Based on this approach very interesting simulation results including uniaxial 
tension or shear tests have been obtained [2,40]. However, to trigger 
discontinuity such as in shear band formation, an artificial method has been used. 
26 L. Madej et al. 
Figure 6. Illustration of the finite element approximation of the unit jrunp function. 
In both cases the peak stress value of the upper element in the band was 
reduced. So the initiation of the strain localization was not a natural outcome 
of the processes taking place during deformation, which is the main 
disadvantage of such methods involving enhanced finite elements. 
Recapitulating, the method based on addition of the Heaviside function to the 
shape function [40] has great potential in modelling of discontinuities in 
materials. However introduction of quantitative criterion for initiation of 
discontinuity is a condition for wider application of the method. Moreover, 
application to the shear band and micro shear band evolution in metal forming 
would require introduction of velocities and strain rates in the description of 
the material flow. This problem will not be furthered in the present work. 
A completely different approach has also been proposed [41,52]. The idea 
is not based on modified finite elements, but on the creation of a modified flow 
rule capable of including the strain localization phenomena. In the work [41], 
the author defined a modified flow rule based on the assumption that the strain 
localization phenomenon is a multi scale problem. It appears as cooperative 
work of the micro shear bands and shear bands, which is in agreement with the 
theory previously described in [10,24]. The proposed modified flow rule in 
[41] is expressed as follows: 
(10) 
where: dst - equivalent strain increment, a', ds p - stress and strain increment 
tensors, OJ -equivalent stress value in the Huber-Mises-Hencky criterion. 
The main disadvantage of this approach is the lack of flexibility when 
different forming processes are considered. The JMS function has to be 
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identified for a specific deformation test and cannot be generalized. The 
commonly used expression for the /MS function is defined as: 
(11) 
where: a, b - constants identified for a specific test, Ej - equivalent strain rate 
value. 
Such a model has been used [33,52] for simulation of the plane strain 
compression tests and is capable of modelling strain localization during 
deformation. For evaluation purposes the following energetical norm has been 
used: 
Ilell = f f~r - (fh r ~r - t h }dVdt (12) 
ov 
where: (Jr, r:i - vectors with the deviatoric part of the stress tensor components 
for the two solutions, f/, &h - vectors with the strain rate tensor components for 
the two solutions, r - model with the iMS function, h - model with the 
conventional flow rule. 
It represents the differences in the plastic deformation energy dissipated in 
the material, calculated based on the two solutions: with and without the 
modified flow rule. 
Results obtained using equation (11) with the norm (12) are presented in 
Figure 7. 
Norm (12) distribution at the sample area reveals a relatively narrow band 
in the cross section which is a representation of the strain localization. This 
localization in the sample is a natural outcome of the micro shear and shear 
banding processes operating in different scales in the sample. 
A slightly different approach to the strain localization problem has been 
developed [52] and introduced into the FEM code as a correction to the 
conventional flow rule. Analysis has been performed for different plastometric 
tests such as ring compression, uniaxial compression and plane strain, channel 
die compression. Based on the inverse analysis [48] performed for those results, 
a correction coefficient qhas been defined. The principal value of the strain rate 
tensor &2 is the key parameter controlling the correction coefficient in Figure 8: 
1 
; = 1.25 - - arctan(l 0 X) 
27f 
(13) 
(14) 
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Figure 7. Distribution of the nonn (12) at 'l4 of the transverse section of the sample in 
the channel test. 
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Figure 8. Shape of the correction factor defined by equation (13) as a function x. 
where: &2 - value of the principal component of the strain rate tensor, 8j -
equivalent strain rate. 
A coefficient presented in the fonn of equation (14) is used to modify the 
flow stress value in the Levy-Mises flow rule, calculated using the inverse 
analysis: 
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(15) 
where: (Jp- flow stress in the Levy-Mises flow rule, OJ - flow stress calculated 
based on the inverse analysis for a particular plastometric test. 
Very good agreement between experimental forces and calculated [52], 
including the correction coefficient q, has been obtained (Figure 9). This 
indicates that such an approach is efficient for particular plastometric tests. 
However, it cannot be easily generalized in order to simulate more complex 
industrial defonnations. That is the main disadvantage of both approaches 
presented in [41,52]. 
Beyond their good predictive capabilities at certain conditions, the 
presented methods have disadvantages limiting possibility of their 
generalization. Thus research focused on development of an alternative 
approaches to the strain localization phenomena occurring during deformation 
has been performed. In one approach [29] the problem with the mesh influence 
during the FEM calculations for strain localization has been addressed by one 
of the mesh free methods - the reproducing kernel particle method RKPM [19]. 
Such methods are free of any unphysical mesh behaviour. Results achieved in 
the 2D and 3D cases support the general belief that mesh free methods will 
become more and more popular for solving many metallurgical problems. 
Another interesting series of works [3,35,36,37] includes processes occurring 
in the mezo scale and their influence on the macro scale. This was one of 
the first multi scale approaches based on the combination of the continuum and 
250 
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Figure 9. Loads for various plastometric tests measured and calculated using the flow 
stress obtained from inverse analysis and corrected according to equation (15). 
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discrete methods. Using this approach a model capable of including the strain 
localization and fracture initiation has been developed in [3]. Local values of 
the flow parameters at the mezo level were taken into account as they varied 
significantly from the average macroscopic data. Following this concept slip 
systems in the individual crystals and their activation under loading, nucleation 
of the shear bands, initiation and propagation of structural element rotation has 
been included during model creation. All of the above mentioned phenomena 
are not taken into account in the macro scale simulation due to the averaging 
process. Makarov combined the advantages given by the continuum approach 
with the cellular automata CA [51] method capable of including shear band 
generation and development. A set of transition rules controlling the CA 
behaviour during deformation was created and has been presented in [36]. 
The CA method has been added to the finite difference method (FDM) in 
the process of creation of a multi scale model of the strain localization 
phenomena. Results of the analysis [35] confirm the predictive capabilities 
given by such an alternative approach to the strain localization phenomena. 
According to those literature findings it is clear that strain localization is 
very interesting from both the experimental and theoretical point of view. 
Despite many attempts to solve the problem of strain localization in the 
material and to create a numerical model describing this phenomenon, there is 
still a lack of a complete multi scale numerical model. That is the reason why 
authors of the current work have created a numerical method capable of 
handling the calculation in the micro scale, mezo scale and macro scale and 
replicate the multi scale nature of the strain localization mechanisms. 
The particular objective of the present work is to extend the CA technique 
used in [36] and adapt the idea proposed in [5] for modeling cracks 
propagation, to predict the initiation and development of micro shear bands. A 
short description of the CA method and its predictive capabilities is presented 
below. Following this, a multi scale model for initiation and development of 
micro shear bands is proposed. 
CA application 
The cellular automata technique was originally developed in the early 
1960s by Janos Von Neumann [51] to simulate the behavior of discrete, 
complex systems. In the early stages the capability of the computers were the 
main obstacle limiting development of this method. However, this technique is 
becoming more popular with the ever increasing computational power of 
today's computers. Nowadays the CA method is used in different scientific 
areas, from biology and chemistry to solid phase physics and electronics. 
During the last few years the CA method has also been applied to model 
material behavior during plastic deformation. This includes modeling of static 
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and dynamic recrystallization behavior [17,20,21,47], precipitate coarsening 
[55], grain boundary migration [15], and solidification [8]. 
The main idea of the cellular automata technique is to divide a specific 
part of the material into one-, two-, or three-dimensional lattices of finite cells. 
Each cell in this space is called a cellular automaton, while the lattice of the 
cells is known as cellular automata space. Each cell in this CA space is 
surrounded by neighbors, which affect one another. Neighborhoods can be 
specified in one, two, and three dimensional space (Figure 10). Several 
examples of neighborhoods can be found in different applications of the CA 
method [4,15,20,21]. 
a) 
b) d) 
Figure 10. Examples of the neighbourhood in (a) ID, (b) 2D Von Neumann, (c) 2D 
Moore, and (d) 3D spaces. 
The most popular examples are the von Neumann and the Moore 
neighborhoods (Figure 10 b,c), where in the 2D case each cell is surrounded by 
four and eight neighboring cells, respectively. But there are also examples of 
alternative CA neighborhoods such as extended Moore or hexagonal [49]. 
The cells interactions within the CA space are based on the knowledge 
defined while studying a particular phenomenon. In every time step, the state 
of each cell in the lattice is determined by the previous states of its neighbors 
and the cell itself, by a set of precisely defined transition rules f: 
(16) 
where: N(i) - surrounding of the i th cell, 'Yi - state of the lh cell. 
Since the transition rules control the cells behavior during calculations 
(Le., during the deformation process), the proper definition of these rules in the 
process of designing a CA model critically affects the accuracy of the 
approach. 
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The CA method is commonly used for modeling material behavior in the 
nano [53], micro [34] or mezo [3] scales. When the advantages provided by 
this method are combined with the advantages of the macro scale analysis - FE 
method, a complete multi scale analysis model such as the CAFE (Cellular 
Automate Finite Element) model is created. The multi-scale CAFE approach 
has already been used for brittle and ductile fracture propagation during the 
Charpy test, in which those two fracture phenomena are simultaneously taking 
place on two different scales in the material [4,5]. A CAFE method application 
to describe the microstructure evolution during rolling combining the material 
micro and macro responses is presented in [14]. After the creation of cellular 
automata spaces related to a particular phenomenon taking place in different 
scales in the material, connection with each gauss point in the macroscopic FE 
mesh is introduced. An infonnation exchange between FE and CA is provided 
to create the multi scale model. 
CAFE model for strain localization 
As was shown above, scientists have investigated the problem of strain 
localization in material during deformation for over thirty years. All the 
preliminary research performed by the authors has shown that the multi scale 
CAFE method should be an efficient method in this field [33]. The developed 
model is a real multi scale approach, including phenomena which take place in 
different scales in the material, such as initiation and development of the micro 
and shear bands during various fanning processes. Those two particular 
phenomena occur at two different scales in the material: micro shear bands 
initiate in the micro scale, while shear bands appear in the mezo scale. 
Following the concept presented in [4,14], the cell sizes in each CA array 
are linked to the specific microstructure feature relevant to micro shear and 
shear band phenomena. A schematic illustration of the CAFE model is 
presented in Figure 11. 
During the calculations, a three dimensional Moore neighborhood was 
selected for both CA spaces. To achieve space continuity, commonly used 3D 
periodic boundary conditions were introduced. For the clearance only the 2D 
representation of the boundary conditions is presented in Figure 12. 
In the CAFE model both CA spaces, micro shear band space (MSB space) 
and shear band space (SB space), are characterized by several state variables, 
that describe each particular cell, as well as by a set of transition rules defined 
respectively for those spaces. These rules are based on the knowledge 
regarding the specific phenomenon. 
The following internal variables have been introduced to the MSB space: 
• state - representing the state of each particular cell, 
• rotation angle - describing the cell rotation, 
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Figure 11. Scheme of the infonnation flow between macro-, mezo-, and micro scale of 
the CAFE model. cri,j - stress tensor, r; - correction coefficient, and Y m - the state of a 
selected m cell. 
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Figure 12. Periodic boundary condition in the 2D case. 
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• tau _ h, tau _ e - critical values of stress necessary to initiate a hard and an 
easy slip system in the material. 
Each particular MSB cell can be in two possible states: nonactiveMSB and 
activeMSB. The activeMSB state indicates that micro shear band was initiated 
and develops in a particular cell, while a nonactiveMSB state refers to the 
surrounding matrix. At the beginning of the deformation process critical values 
of the variables describing stresses are generated for each MSB cell using the 
gauss distribution function (Figure 13). This process is responsible for 
initiation of the hard and easy slip system in the MSB space, which is related 
to the initiation of the micro shear band. 
CAspace 
Gauss Distribution 
x 
Figure 13. Illustration of the critical stresses tau_h and tau_e generation. 
Transition rules controlling changes between two states in MSB space are 
defined based on the experimental knowledge [11,12,24,27,28]. Transition 
rules, that provide a change from the nonactiveMSB to activeMSB state, are 
described by: 
A == ( (5' > r hard) v 
{
activeMSB <=> A 
Y m(MSB)(ti+iJ == 'y ( .) where: (Y'l(MSB) == activeMSB I\J 
m(MSB) tl 
O:not - Oro! > 0 
(17) 
where: Y m(MSB) (ti+1) - state of the mth cell from the MSB space at the ti+i time 
step, CT - equivalent stress' value obtained from the FE program, r hard - critical 
value for initiation of the hard slip system, Y7l..MSB) - state of the th neighbor of 
the mth cell from the MSB space, 8 - rotation angle. 
A similar analysis is performed for the SB space; each cell in this space is 
described by the following variables: 
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• state - representing the state of each particular cell, 
• MSB Jraction a - describing the fraction of micro shear bands in the SB 
cell. 
Values of the a parameter are in the range < 0,1 >, where 0 means that in a 
particular SB cell there are no micro shear bands and 1 that the whole cell is 
filled with micro shear bands. This leads to three possible states of the SB 
cells: nonactiveSB, activeSB, activeMSB. State activeSB refers to a cell in 
which a shear band appears, and the nonactiveSB state is used to describe the 
surrounding matrix. State activeMSB refers to a SB cell in w~ich micro shear 
bands but not shear bands, are observed. State activeMSB is a natural outcome 
from the claims [24] that shear bands develop on the basis of previously 
fonned micro shear bands. Based on the supplied knowledge [11,24,38], a set 
of transition rules has been created for the SB space: 
{
acliveSB <=> A 
Y m(SB)(tj +1) = Y ( ) where: 
m(SB) I j 
A = (Y m(SB)(fj ) = activeMSB A) 
am(t;) >acr 
v(ym (tj) = aCfiveSB) 
I(SB) 
(
ym (Ii) = activeMSB AJ 
v I(SB) 
am(tj) >acr 
(18) 
where: Y m(SB) (ti+1) - state of the mth cell from the SB space at the ti+1 time 
step, Y71SB) - state of the lh neighbor of the mth cell from the MSB space. 
Information about the occurrence of micro shear and shear bands is 
exchanged between the CA spaces during each time step, according to the 
defined mapping operations. Flow of the information between the scales goes 
in both directions, from macro scale to mezo scale and micro scale, as well as 
from micro scale and mezo scale to macro scale. In each time increment, 
information about the stress tensor is sent from the finite element solver to the 
MSB space, where development of micro shear bands is calculated according 
to (17). After the information exchange between the CA spaces, the transition 
rules for the SB space (18) are introduced, and the propagation of the shear 
band is modeled. Based on the infonnation supplied by CA spaces, an 
equivalent stress a~A is calculated and is used to obtain the correction 
coefficient q: 
(19) 
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This coefficient is sent to the FE program and is used to modify the flow stress 
in the next step of FE calculations: 
(20) 
where: up - equivalent stress, U pb - basic flow stress, which does not account 
for the influence of micro shear bands and shear bands, ~- correction 
coefficient, &- strain, 8 - strain rate, T- temperature. 
Forge2 code was used in the FEM simulation. It is based on the Norton-
Hofflaw in the form [9]: 
(21) 
where: U ij - deviatoric stress tensor, 8ij - strain rate tensor, 8j - effective strain 
rate, K - the material consistency, m -strain rate sensitivity coefficient. The K 
parameter is calculated from the following equation: 
(22) 
In the CAFE model the flow stress in equation (22) will be calculated in 
the CA spaces, according to equation (17) and (18), as well as according to 
flow information presented in Figure 11. 
Results 
Initial calculations using the CAFE model for strain localization were 
performed for the simple compression in the channel die test. The channel die 
test is a variation of the plane strain compression test where material flow is 
constrained by an additional tool (Figure 14). This test is commonly used to 
investigate strain localization [43]. The yielding in plane strain deformation is 
due to shear and is not affected by the presence of the hydrostatic stress: 
(23) 
where: OJ, 0"3 - principal stresses of the Cauchy stress tensor, k - is the yield 
stress in pure shear. 
It is commonly expected that the strain distribution field in the channel die 
tests is similar to the metallurgical cross. Such stress conditions favor 
development of the shear banding mode of deformation. 
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Figure 14. Schematic illustration of the channel die tests. 
Two CA spaces were attached for each FE gauss integration point. During 
the first step, calculations were performed using the FE approach with the 
conventional flow stress model. A comparison was made with the results 
obtained from the CAFE model in the second step (Figure 15). The CAFE 
model is combination of the commercial FE FORGE 2 program and the CA 
code developed by the authors. 
Figure 15 clearly shows that strain localization in the bands appears when 
the CAFE approach is applied. This is due to developmen,t of the micro shear 
and shear bands in the micro and mezo scales, respectively, during the 
deformation process. 
Figure 15. Strain distribution during the channel die tests calculated by the 
conventional FE model (top) and the CAFE model (bottom). 
Remeshing problem 
As was previously described, the change between states using the 
predefined transition rules is due to the states of the neighbors of a selected cell 
and the cell itself in the previous time step. According to this essential 
definition of the CA method, the number of CA spaces in the CAFE approach 
should remain constant during the calculation. This leads to problems 
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whenever a complicated scheme of deformation or sample shapes are 
introduced and remeshing is necessary. As a consequence, the number of the 
mesh nodes as well as the number of gauss points may change, and a problem 
with attaching the CA spaces to the FE nodes appears. This leads to a lack of 
information from the micro scale in some regions of the FE mesh, eventually 
causing inaccurate results. 
To solve the problem with the remeshing operation, an alternative set of 
points is introduced in the domain (Figure 16). The number of so-called CA 
points remains constant during the deformation process, and a number of 
underlying CA spaces attached to each CA point also remains constant. This 
approach enables the remeshing process and a change in the number of nodes 
in the initial mesh. In each time step, an exchange of information between the 
FE and CA points is performed using the approximation technique from the 
SPH method [19,30]. The simplest approach would be to use a traditional 
interpolation procedure. However, when large deformation appears in the 
material more accurate results are obtained using the SPH method as this 
method is less sensitive to the large displacements of the FE nodes. The 
essential basis of the SPH method is briefly described below. 
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Figure 16. Schematical illustration of the CA points distribution between Fe points in 
the sample. 
SPH is a meshless Lagrangian method that uses a pseudo particle approach 
to calculate the field variables. The concept of the integral representation of a 
function .f{x) at the location x in this method is given by the product of the 
considered function and an appropriate kernel function Wij: 
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(24) 
If one assumes that a value ofthej{x) function is known only in a finite set of 
discrete points, equation (24) is written using a summation: 
N 
(f(x)) = Lf(xj Ptj(x-xj,h)Vj (25) 
j=1 
where: < )- kernel approximation, Wij - kernel function, h - smoothing length 
of the support domain, Jij - volume associated with the/h particle. 
Equation (25) is the basis of the SPH method. The value of the function at 
a point x is calculated by summation of a set of the neighboring particles 
(j subscript) in the support domain of the x particle (Figure 17). 
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Figure 17. Schematic illustration of the neighboring particles in the support domain of 
the X point. 
A correction of the kernel function W, suggested in [7] was introduced 
1} 
during the calculation to achieve more accurate results: 
fftj(X) = Wij(x)a(x)[ 1 + P(x).( X-Xj)] (26) 
where: a(x) and j3(x) are calculated based on enforcing the consistency 
condition [30]. 
Several kernel functions were tested during the calculation. A quintic 
spline function proposed in [30] gave the most accurate results and was used in 
this work: 
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(27) 
where ad = 4787rh2 in the two-dimensional space. 
The SPH approximation in the CAFE approach is a two-step procedure in 
each time increment. In the first step, an approximation of the displacement 
field between the FE and CA points is performed to achieve a proper 
distribution of the CA points in the space (Figure 18), which is crucial to 
obtain accurate results. When the position of CA points is updated, an 
approximation of the stress field from the FE points is performed. Information 
about stress values from the CA points is later sent to the underlying CA 
spaces, and calculation of the initiation and development of micro and shear 
bands is performed according to the CAFE approach described previously. To 
finalize the CAFE calculation, information about the modified stress values is 
sent from the CA points to the FE points using the same SPH approximation 
procedure. 
The schematic illustration of the extended CAFE procedure is presented in 
Figure 19. 
Results obtained for different process parameters (i.e., flow curve, friction 
coefficient) using the CAFE model combined with the approximation method 
during the channel die test are presented in Figures 20 and 21. 
E 
E 
4 
o 
• FE points 
• CA points after deformation ... CA points before deformation 
mm 
Figure 18. Position of the FE and CA points during the channel die tests, calculated by 
the developed CAFE model with the SPH approximation procedure. 
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Figure 19. Scheme of the information flow between macro-, mezo-, and micro scale of 
the extended CAFE model with SPH part. OiJ -stress tensor, 4 - correction coefficient, 
Y m -the state of a selected m cell. 
The distribution of the ; parameter was analyzed to evaluate how 
accurately the remeshing problem was solved. The distribution of this 
parameter before and after the remeshing is shown in Figure 22. It is seen that 
after the remeshing, the FE mesh has been rebuilt and the ; parameter 
distribution remains unchanged in the sample. 
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Figure 20. Strain distribution during the channel die tests calculated by the conventional 
FE model (top) and the CAFE model (bottom) with the friction coefficient 0.1. 
Figure 21. Strain distribution during the channel die tests calculated by the conventional 
FE model (top) and the CAFE model (bottom) with the friction coefficient 0.1. 
The developed CAFE model with the approximation is able to perform 
calculations for different, complicated deformation processes. This improves 
the predictive capabilities of the method and creates opportunities for proper 
validation of the results closer to the experimental observation and leads to 
further development of this multi scale approach. 
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Figure 22. Correction coefficient; distribution during the channel die tests calculated 
before remeshing (top) and after remeshing (bottom). 
Conclusions 
• The CAFE approach is a full multi scale model that is able to perform 
calculations in different scales in materials from the micro to macro scale. It is 
possible to include in the solution stochastic phenomen~ that take place during 
deformation, making this method a very powerful investigative tooL 
• Initial results obtained from the strain localization CAFE model replicate 
qualitatively realistic material behavior. The general form of the developed 
model does not constrain the application of the model to particular tests or 
particular processes and allows simulations of any metal forming process. 
This is the main advantage of the CAFE approach. This capability is possible 
due to the discrete attribute of the CA method itself, as well as due to the 
application of the SPH approximation method to overcome the remeshing 
problem. 
• The SPH part of the CAFE model also creates the possibility for proper 
validation of the achieved results with experimental data, and will lead to 
further development of this multi scale approach. 
• Future work should focus on quantitative validation of the CAFE micro 
shear band model by comparing the results with experimental data. Further 
improvement of the model will be conducted as well. 
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